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Abstract-An optical modulator is a device that electrically 
controls the output phase and the output amplitude of the 
optical signal. This paper analyzes the performance of different 
structures of the MZI as an optical modulator. This project 
compares the performance of Y-coupler and MMI coupler as 
Mach-Zehnder Interferometer (MZI) modulator on the Silicon-
On-Insulator (SOI). This project used OptiBPM software and 
OptiSys for designing the structures and performance analysis. 
The performance has been analyzed based on the insertion loss, 
extinction ratio, phase shift and modulation efficiency. MMI-
coupler design shows better performance with reduced insertion 
loss and better modulation efficiency of 2.53% and 17% 
respectively than that of the Y-coupler. Furthermore, the 
extinction ratio and phase shift of MMI coupler show an 
increment about 8.35% and 7.96% respectively when analyzed 
as the optical modulator. Therefore, the MMI coupler as MZI 
modulator exhibits better performance than the Y-coupler.  
 
Index Terms—MZI; Optical Modulator; Power Splitter; 
MMI-Coupler; Y-Coupler; SOI. 
 
I. INTRODUCTION 
 
The optical modulator is a device which is able to modulate 
and vary the optical signal in a controlled manner [1]. Optical 
modulator can be categorized as a phase modulator, 
amplitude modulator and frequency modulator based on their 
characteristics [2]. 
Phase Modulator is a device which is located on one arm 
of MZI optical modulator [3]. The phase modulator changes 
the refractive index of the material. Therefore, the phase 
optical signal that passes through it will change [4].  
MZI modulator interference happens when two or more 
optical waves are present simultaneously in the same area [5]. 
The interferometer is an optical device that has the ability to 
splits a single signal into several signals by using the beam 
splitter and then it can combine together back [6]. Y-coupler 
and MMI-coupler are among the famous coupler used as the 
MZI modulator structures. The phase modulator which 
changes the refractive index of the material changes the phase 
of the signal wave passing through the device [7]. When the 
signal arrives at the output, the phase and amplitude of the 
signal will be modulated [8]. 
A power splitter is one of the essential components in 
designing an MZI optical modulator [9]. Power splitter can 
be used as the coupler device and combiner device. The 
device distributes the optical signal from a single waveguide 
into branches [10]. The structure of Y-coupler contains 
curvature meanwhile the MMI coupler offers less bending 
line. Figure 1 shows a diagram of both couplers [11]. 
 
A common material used for the phase modulator is silicon 
that can be realized by using the free carrier dispersion effect 
[12]. Silicon photonic devices have been extensively studied 
due to fabrication techniques that can be largely exploited to 
fabricate low-loss, low-cost and high volume optical 
integrated devices [10]. A semiconductor material has the 
ability to allow the electrical passes through it after doping 
process of the insulator layer [13]. SOI materials are currently 
reported to be the more suitable substrates for multiple 
applications because of the low-power and low-voltage 
characteristics [14]. Photonic devices such as a splitter, 
coupler, and filter have been demonstrated in silicon but once 
the device has been fabricated, the properties of the device 
are predetermined [15]. A silicon based modulator can be 
used to control the flow of light, where the refractive index of 
the silicon waveguide can be varied [16]. Thus, the induce of 
refractive index will change the transmission properties. 
This project uses PIN structure for the phase modulator on 
the SOI. Applying this P-I-N structure will shift the phase of 
light propagate through the active arm. The phase shift of 
light is the result of the change the refractive index of the 
active arm [14]. 
The design process includes the optical coupler device and 
the different structure for MZI optical modulator. The design 
methodology was applied according to the order to obtain the 
best performance of the optical modulator. Meanwhile, the 
performances of the devices were analyzed by adjusting the 
structure of the MZI optical modulator. The analysis includes 
the insertion loss, extinction ratio and modulation efficiency. 
The design modeling was done using the OptiBPM and the 
analysis was done utilizing the OptiSys. 
 
 
  
(a) (b) 
 
Figure 1: (a) Y-coupler diagram, (b) MMI-coupler diagram 
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II. OPTICAL MODULATOR DESIGN STRUCTURES 
 
In this paper, there are two designs of the MZI structure 
that are being studied which includes the formation of MZI 
using Y-structure and MMI structure. The MZI optical 
modulator consists of four main blocks which are the input 
waveguide, phase modulator arm, reference arm and output 
waveguide [10] as shown in Figure 2 and Figure 3. 
Both structures as in [17] been designed. The optical power 
was applied to the input waveguide. The most critical design 
is the coupler device as the ratio of the total power of output 
path for both arms must be equal.  
 
 
 
Figure 2: MMI-structure of MZI optical modulator 
 
 
 
Figure 3: Y-structure of MZI optical modulator 
 
The phase modulator was located on one of the MZI arms. 
The phase modulator was constructed using the P-I-N 
injection carrier effect. The supply voltage is 0.9V. The 
operating wavelength was at 1550nm. 
Table 1 tabulates the design parameters of the MMI 
structure and the Y-structure. The width of the MMI is 
calculated utilizing Equation (1) [18]. 
 
                                         𝐿𝑀𝑀𝐼 : 
4𝑛0 𝑊𝑀𝑀𝐼
2
3𝜆0
                                                      (1)  
 
Table 1 
Design Parameter for the Coupler Device 
 
 
 
A. MMI-Structure Device 
The design of the MMI coupler and MMI combiner were 
done in OptiBPM. Figure 5 and Figure 6 show the light 
intensity of MMI-coupler. 
 
 
Figure 5: MMI-Coupler optical field intensity in OptiBPM 
 
 
 
Figure 6: MMI-Combiner optical field intensity in OptiBPM 
 
Figure 7 shows the power ratio in the path of both arms. It 
shows that the optical power is split equally distributed to the 
both arms. Power ratio at the input port is 1 and power ratio 
for each path of the arm is 0.5 respectively.  
 
 
Figure 7: MMI-Coupler and MMI-Combiner power ratio in path  
 
B. Y-Structure Device 
Meanwhile, the intensity of the optical field for Y-coupler 
are shown in Figure 9 and Figure 10. 
 
 
 
Figure 9: Y-Coupler optical field intensity in OptiBPM 
Performance of Different Mach-Zehnder Interferometer (MZI) Structures for Optical Modulator 
 e-ISSN: 2289-8131 Vol. 9 No. 2-8 27 
 
 
Figure 10: Y-Combiner optical field intensity in OptiBPM 
 
Figure 11 shows the power ratio in the path of both arms. 
The optical power is split equally to the both arms. Power 
ratio at the input port is 1 and power ratio for each path of the 
arm is 0.5 respectively. 
 
   
 
Figure 11: Y-Coupler and Y-Combiner power ratio in path 
 
III. DESIGN STRUCTURES OF MZI OPTICAL MODULATOR 
  
Once the design of the coupler device achieved the 50/50 
ratio, the designs were converted to OptiSys to form the MZI 
modulator. The analysis of the MZI modulator utilizes the 
OptiSys. 
Figure 12 shows the basic configuration of the MZI 
modulator. The optical filter analyzer acts as the input source 
of the optical modulator. The initial operating wavelength at 
1550nm and the bandwidth set as 20nm. An optical spectrum 
analyzer located at the output waveguide in order to observe 
the output waveform produced. Power meters were placed at 
the input and output waveguide to analyze the amount of the 
optical power signal. 
 
 
 
Figure 12: MZI optical modulator circuit diagram 
 
The different of the frequency spectrum of the modulator at 
applied voltage and 0V is known as ∆λ. Free spectral region 
(FSR) is different at the operating wavelength of two 
amplitude for the active phase modulator. The final amplitude 
operating wavelength is(𝜆𝐴𝑣) and the initial amplitude 
(𝜆𝐴𝑢)value. From the optical transmission graph the 
extinction ratio can be determined by observing the highest 
and the lowest amplitude of the active phase modulator at the 
operating wavelength.  
The difference of the received power and the input power 
is known as insertion loss. From the obtained values, the 
amount of phase shift can be determined by formula 
2𝜋∆𝜆
𝐹𝑆𝑅
 
[19]and phase modulation using a formula VπLπ [16].  
 
C. MMI-Structure as MZI Optical Modulator 
Figure 13 shows the block diagram of MMI-structure as 
MZI optical modulator.  
 
 
 
Figure 13: MMI-structure as MZI Optical Modulator in OptiSys 
 
Figure 14 shows the graph of optical transmission for Y-
structure as MZI optical modulator. The extinction ratio is 
labelled as ER, phase shift as ∆ϕ and FSR is free spectral 
range. FSR has been used in order to get the modulation 
efficiency. The dotted line represents the optical modulator at 
an applied voltage of 0.9V, meanwhile, the straight line 
represents the optical modulator at 0V. All value has been 
recorded in Table 2. 
 
 
 
Figure 14: MMI-structure optical transmission 
 
Table 2 
 Performances of MMI-Structure as Optical Modulator 
 
Parameter Formulae Value 
∆𝜆(m)  𝜆𝐴𝑣 − 𝜆𝑃𝑢 1.3𝑥10
−9 
FSR (m) 𝜆𝐴𝑣 − 𝜆𝐴𝑢 3.61𝑥10
−9 
ER (𝑑𝐵) 𝑃𝐻 − 𝑃𝐿 30.54 
IL  (𝑑𝐵) 𝑃𝑜 − 𝑃𝐼 5.816𝑑𝐵 
Phase Shift ∆ϕ 2𝜋∆𝜆
𝐹𝑆𝑅
 
2.26 
Modulation 
Efficiency  
𝑉𝜋𝐿𝜋, 
𝜆𝜋:
∆𝜙𝜆
2𝜋∆𝑛
 
45.03 
 
D. Y-Structure as MZI Optical Modulator 
Figure 15 shows the block diagram of Y-structure as MZI 
optical modulator.  
Journal of Telecommunication, Electronic and Computer Engineering 
28 e-ISSN: 2289-8131 Vol. 9 No. 2-8  
 
 
Figure 15: Y-structure as MZI Optical Modulator in OptiSys 
 
Figure 16 shows the graph of optical transmission for Y-
structure as MZI optical Modulator. All values have been 
recorded in Table 3. 
 
 
 
Figure 16: Y-structure optical transmission 
 
Table 3 
Performances of Y-structure as Optical Modulator 
 
Parameter Formulae Value 
∆𝜆(m)  𝜆𝐴𝑣 − 𝜆𝑃𝑢 1.24𝑥10
−9 
FSR (m) 𝜆𝐴𝑣 − 𝜆𝐴𝑢 3.74𝑥10
−9 
ER (𝑑𝐵) 𝑃𝐻 − 𝑃𝐿 27.99 
IL  (𝑑𝐵) 𝑃𝑜 − 𝑃𝐼 5.816𝑑𝐵 
Phase Shift ∆ϕ 2𝜋∆𝜆
𝐹𝑆𝑅
 
2.08 
Modulation Efficiency  𝑉𝜋𝐿𝜋, 𝜆𝜋:
∆𝜙𝜆
2𝜋∆𝑛
 54.29 
IV. MZI OPTICAL MODULATOR PERFORMANCE 
Both structures of the MZI optical modulator exhibits 
different performance. The performances of the optical 
modulator were analyzed by observing the optical spectrum 
analyzer and the power meter. 
Insertion loss and extinction ratio can be observed through 
the optical power meter. Phase modulation and phase shift 
were analyzed as optical transmission in dB units by 
observing at the optical spectrum analyzer.  
The performance of the Y-structure and the MMI structure 
as the MZI modulator is tabulated in Table 4. 
 
Table 4 
Analysis of Y-structure and MMI-structure Characteristic 
 
Parameter Y-Coupler MMI 
∆𝜆(m)  1.24×10−9 1.3𝑥10−9 
FSR (m) 3.742×10−9 3.61𝑥10−9 
ER (𝑑𝐵) 27.99 30.54 
IL  (𝑑𝐵) 5.816 𝑑𝐵 5.669 𝑑𝐵 
Phase Shift ∆ϕ 2.08 2.26 
Modulation Efficiency  54.29 45.03 
  
E. Insertion Loss  
From Table 4, Y-structure has 5.816 dB while for MMI-
structure it has 5.669 dB amount of insertion loss. The MMI 
structure shows reduced loss of 8.35% than that of the Y-
coupler’s response. 
 
F. Extinction Ratio 
The MMI structure of the MZI exhibits better extinction 
ratio than that of the Y-structure with 9.11% percent of 
increment in terms of performance. 
 
G. Phase Shift 
From Table 4, the Y-structure and MMI-structure show the 
phase shift of 2.08rad and 2.26 rad. Higher phase shift gives 
a better performance of the device. MMI coupler exhibits 
7.96% higher phase shift. 
 
H. Modulation Efficiency 
Effect of doping process through the carrier injection can 
be observed through the modulation efficiency. Modulation 
efficiency is the product of the length of the modulator and 
the voltage required to achieve at certain phase shift. Value 
of modulation efficiency should be lower so that it can 
enhance the performance of optical modulator. In terms of the 
modulation efficiency, the MMI structure demonstrates better 
performance with a lower value of 45.03Vcm. 
 
V. CONCLUSION 
 
In conclusion, the MMI structure of the MZI modulator 
shows a superior performance compared to the Y-structure. 
The physical structure of the MMI exhibits low insertion loss, 
high extinction ratio and good value of modulation efficiency. 
The findings of this research serve as a vital guidance in 
designing the optical modulator on SOI. 
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